The 16S rDNA-based phylogenetic analysis of the genus Clostridium has been completed by determination of the phylogenetic position of the type strains of 15 species and two non-validated species. These strains are members of phylogenetic clusters I, III, IV, V, IX, XIVa and XVIII as defined previously by Collins et al. [Int. J. Syst. Bacteriol. 44 (1994) 812^826]. Members of the genus Clostridium span a large evolutionary distance and the genus is not a phylogenetically coherent taxon but is intermixed with members of different genera, exhibiting a combination of Clostridium-and non-Clostridium-type properties. Anaerobacter polyendosporus, Syntrophococcus sucromutans and Acetivibrio multivorans also cluster within the radiation of Clostridium species. Although several taxa have been described for former Clostridium species with distinct phenotypic properties, the majority of Clostridium species, which are not members of the core cluster I, can at present not be reclassified as long as taxon-specific, phenotypic properties are not available. ß 1999 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved.
Introduction
The genus Clostridium currently comprises 146 validly described species, most of which have been subjected to 16S rDNA sequence analysis [1] . As a result of this study, 19 clusters were de¢ned and a few species have either been described as type species of new genera (e.g. Caloramator, Filifactor, Moorella, Oxalophagus, Oxobacter) or a¤liated to other genera (e.g. Eubacterium, Paenibacillus, Sporohalobacter, Syntrophospora, Thermoanaerobacterium).
Despite this major revision, members of the genus Clostridium still occupy di¡erent positions within the 16S rDNA phylogenetic tree indicating that further work is needed in order make taxonomy consistent with phylogeny. This appears less a problem for those species that are only remotely related to the three main clusters (cluster I, containing the type species; cluster XI; and cluster XIVa, which also contains the majority of pathogenic species), but the inability to identify clear-cut phenotypic discriminating properties, needed to circumscribe clusters de¢ned by phylogenetic uniqueness, has hampered the reclassi¢cation process [2, 3] .
In order to obtain a more complete picture of the phylogenetic diversity of the genus Clostridium we have completed 16S rDNA analysis of species not yet analyzed. However, ¢ve species are either not available or described for a non-cultured strain. With the availability of the phylogenetic position of the remaining validly described species, including the pathogenic species C. haemolyticum, C. indolis and C. tertium, emphasis should now be placed on a revision of the taxonomy of the genus Clostridium.
Methods
Strains analyzed, a¤liation to clusters as de¢ned by [1] and their 16S rDNA accession numbers are listed in Table 1 . Isolation of DNA and PCR ampli¢cation of the 16S rRNA gene were done as described by [4] . The PCR products were puri¢ed by the use of the QIAquick PCR puri¢cation kit (Qiagen, Hilden, Germany) and directly sequenced using previously described protocols [4] . The sequence reaction mixtures were electrophoresed using a model 373A automatic DNA sequencer (Applied Biosystems, Foster City, CA). The 16S rDNA sequences were aligned to the sequences of members of the Clostridium-Bacillus line of descent using the ae2 editor [5] . Phylogenetic dendrograms were generated using the neighbor-joining method contained in the PHYLIP package [6] . All analyses were done on a SUN SparcII workstation.
Results and discussion

The phylogenetic position of newly analyzed
Clostridium species
The 16S rDNA sequences were aligned to the data set of more than 500 sequences of the ClostridiumBacillus line of descent and a dendrogram was constructed using the neighbor-joining program.
The genus Clostridium contains 34 species which are considered pathogenic. As all of them have now been investigated by 16S rDNA sequence analysis the importance of pathogenicity for taxonomy can be fully evaluated. It has been shown previously that the dendrograms of relatedness obtained with 16S rDNA [7, 8] and C. botulinum neurotoxin genes [9] only match for very closely related C. botulinum strains. While the former genes are most likely not included in lateral gene transfer, genes encoding neu- rotoxins are discussed to have spread on mobile genetic elements such as transposons, plasmids and bacteriophage genomes [9] . Thus, molecular detection of the host by probing 16S rDNA will not necessarily reveal that the target organism is pathogenic.
On the other hand, molecular detection of the neurotoxin may not give evidence about the taxonomic status of the host organism. Two of the pathogenic species investigated in this study, C. haemolyticum and C. tertium, are members of the core group of Clostridium, cluster I, containing the type species of the genus, C. butyricum. More than half of the pathogenic species are members of this cluster, including those considered the major pathogenic agents, i.e. C. barati, C. botulinum, C. haemolyticum, C. novyi, C. perfringens, C. tetani, C. septicum and C. chauvoei (cluster I) (Fig. 1) . The majority of strains investigated are also members of cluster I. C. disporicum is closely related to C. celatum (98.6% similarity), while C. putrefaciens groups with C. algidicarnis (98.8%). The non-pathogenic C. sartagoformum clusters with the pathogenic species C. tertium (98.8%), C. chauvoei, C. septicum and C. carnis. C. haemolyticum is highly related to C. botulinum producing neurotoxins C and D (99.3%). Against the taxonomic a¤liation to the same species, strains of C. roseum occupy a di¡erent phylogenetic position. Strain DSM 51 is highly related to the type strain of C. beijerinckii (99.9%), while the type strain DSM 7320
T and DSM 6424 (99.8%) are closely related to the type strain of C. acetobutylicum ATCC 824
T .`C. autoethanogenum' DSM 10061 is phylogenetically indistinguishable from C. ljungdahlii and most likely does not merit species status. C. cylindrosporum branches at the periphery of cluster I showing a distant relationship with members of Caloramator and Thermobrachium celere. Anaerobacter polyendosporus is a member of cluster I in which this species together with the pathogenic species C. fallax and C. intestinalis forms a phylogenetic group. Though A. polyendosporus shows an unusual property to produce up to 5 endospores per cell not reported so far for Clostridium species this species should be reclassi¢ed as a member of Clostridium.
C. thermosuccinogenes is a member of cluster III, comprising cellulolytic species. The primary structure of 16S rDNA of strain DSM 5807
T di¡ers signi¢-cantly from those of other Clostridium species in the presence of a large insertion located between positions 70 and 100. This insertion, comprising about 200 bases, is also larger than those reported for members of Desulfotomaculum [10] and Thermoanaerobacter [11] . The fact that a readable sequence was obtained from PCR-ampli¢ed 16S rDNA indicates the lack of sequence heterogeneity in di¡erent rrn operons as reported for Desulfotomaculum strains and for C. paradoxum [12] .
C. methylpentosum and C. orbiscindens group with members of cluster IV. While the sequence of the latter species is 99.7% similar to that of Eubacterium plautii, C. methylpentosum stands phylogenetically isolated. C. uzoni', a species that has not yet been validated, is a deeply branching member of cluster V, comprising members of Thermoanaerobacter.
Propionispira arboris groups in cluster IX, which contains a broad selection of Gram-negative genera, such as Sporomusa, Acidaminococcus, Pectinatus, Selenomonas, Megasphaera, Phascolarctobacterium and Zymophilus.
C. aceticum is a member of cluster XI in which it groups with C. felsineum and C. formicoaceticum (95^97% similarity). The sequence of C. aceticum contains an insert of about 120 nucleotides between positions 70 and 100. The nucleotide composition cannot be determined from PCR-generated 16S rDNA which indicates that the individual rrn operons di¡er in the primary structure of the insert.
Three species of Clostridium and Syntrophococcus sucromutans are members of cluster XIVa. The pair C. indolis and C. saccharolyticum (98.7% similarity) are members of a morphologically coherent group comprising C. sphenoides, C. celerecrescens and the misclassi¢ed species Desulfotomaculum guttoideum (97.1%). Both C. scindens and Syntrophococcus sucromutans stand phylogenetically isolated and have species of Eubacterium as remotely related neighbors.
C. cocleatum is related to C. spirforme and C. ramosum, and these clostridial species are members of the mycoplasma supercluster, cluster XIII.
Problems with the de¢nition of taxonomic ranks on the basis of phylogenetic branching patterns
A phylogenetic tree based on the analysis of 16S rDNA or any other gene and gene product unravels the evolution of this gene/protein but not necessarily the evolution of the genome of the organism. During di¡erent stages in evolution di¡erent genes and larger portions of the genome were involved in horizontal gene transfer which explains that the topology of phylogenetic trees may di¡er. The earlier the transfer the more radical the di¡erences in the branching points of deeply rooting lineages. On the other hand, the more similar the topologies of phylogenetic trees of di¡erent genes, the larger the fraction of the genome that co-evolved along the same evolutionary path. As the pattern obtained with the 16S rDNA is highly similar to that of other genes encoding similarly important functions in the cell [13] , the topology of the 16S rDNA dendrograms should be considered a good approximation of the phylogeny of organisms analyzed. However, a phylogenetic tree can rarely be used per se to decide on the phylogenetic rank of an organism.
Above all, the phylogenetic branching pattern such as the one shown in Fig. 2 indicates that the organisms A^Y are members of a single monophyletic line of descent which is separated from neighboring taxa. Let us assume that the analysis was done with isolates for which no other information is available than their phylogenetic position. These organisms form clusters at di¡erent levels of relationship but the topology of the dendrogram does not give any hint about how to interpret these clusters.
Let us further assume that the end points of lineages are occupied by type strains of species. How should genera then be de¢ned: by vertical line 1 (leading to 22 genera), by vertical line 2 (leading to nine genera) or by vertical line 3 (leading to two genera)? The di¤culty in the interpretation of phylogenetic patterns is also caused by the presence of di¡erent branch lengths of the lineages (compare branches U and W). These are due to di¡erences in evolutionary tempo and mode which are most likely di¡erent in di¡erent groups of prokaryotic taxa [14] . Though these organisms share a common ancestry the descendants evolved in di¡erent niches and are exposed to a vast spectrum of ecophysiological conditions and stress. But even if organisms evolve isochronically (same rate of evolution) the place of an organism relative to its phylogenetic neighbors gives no clue to physiological properties used for the description of a species.
Translated to the actual situation, isolates A^Y are members of rDNA cluster XIVa (Fig. 3) . Except for two misclassi¢ed species (D. guttoideum and B. xylanolyticus) organisms O^Y are members of the genus Clostridium which, however, will be reclassi¢ed once the taxonomic dissection of this genus has progressed. The other species are Gram-positive, Gramnegative, spore formers and non-spore formers. Ob- Fig. 3 . Dendrogram of 16S rDNA relatedness of some members of rDNA cluster XIVa, displaying the actual phylogenetic relationships among the hypothetical isolates A^Y in Fig. 2 . Bar represents 5% sequence divergence. Fig. 2 . Dendrogram of 16S rDNA relatedness of isolates A^O for which nothing more is known than the primary structure of this molecule. The vertical hatched lines 1^3 indicate some of several possible levels of similarity at which genera could be separated. The graph is shown to illustrate that in the absence of phenotypic data genera and species taxa cannot be de¢ned meaningfully at this level of information. Bar represents 5% sequence divergence.
viously, the rationale of deciding upon cut-o¡ points for de¢ning higher ranks cannot be made on the basis of the nucleotide composition of a single gene. The decision about ranks must await analysis of chemotaxonomic, biochemical, morphological and other more`classical' taxonomic properties. The main advantage of knowing the phylogenetic position of a strain next to its phylogenetic neighbor is the provision of a stable backbone structure needed in a modern approach to a polyphasic classi¢cation of genera and species.
The situation that monophyletic properties of previously anticipated high taxonomic potential have been lost in some members of a phylogenetically coherent group has been encountered in other groups of prokaryotic organisms. Examples are the photosynthetic apparatus, spiral shape and the formation of a mycelium [15] . It can be speculated that the occupation of an ecological niche de¢ned by rather constant environmental pressure over long evolutionary epochs changes slowly only the phenotypic expression of biochemical and physiological responses, while the underlying genomic information is changed constantly but at a di¡erent tempo in di¡erent genes. Sudden physico-chemical changes in the environmental niche will most likely lead to a rapid response, i.e. signi¢cant changes at the genetic and epigenetic level, in a certain part of the population best adapted to the new stress situation. The fact is that many of the phenotypic properties used traditionally in the classi¢cation of clostridia are not apt to re£ect their high degree of genomic unrelatedness and their phylogenetic separateness. This is seen most obviously in the phylogenetic importance of two of the`classical' properties, namely morphology and spore formation. It can, however, be postulated that analysis of genomes of a wide selection of distantly related Clostridium species and their non-Clostridium-type relatives will provide taxonomists with a broad spectrum of reliable taxonomic information at the genetic level, needed to put taxonomy on a level with insights into molecular phylogeny.
